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- SECTION 1
INTRODUCT 1ON

An important mission constraint within the Voyager Program Is the Pianetary.
Quarantine requirement.

A survey of potentially important causes of contamination has been carr!éd out,
and this survey Indicated that the varlous propulsion systems assoclated with
the spacecraft may prove to be significant contamination sources via thelr ex-
haust gases. The exhaust gases themselves may prove to contain viable micro=-
organisms., However, even If the exhaust environment is found to be lethal to
any mlcroorganisms In the propellants, the exhaust gases may still "'sweep" non=
sterile spacecraft surfaces causing the release of possibie contamfnants.

Quantitative assessment of the contamination probabillity assoclated withvth@se
possible sources of contamination requires definition of tha plume character=
istics for the propulsion and altltudeﬂccnt?al gas systems.

In this report we cans!der the problem of determ!nlng the distributlon and
veiecity of solid particles in the plume flow field of a jet expanding into
vacuum, The problem divides itself naturally Into two parts. We must first
determine the plume flow fleld and then consider the trajectory of small par-
ticies which are coupled to tha plume dynamlcs.

.In Section 2 we first consider the structure of the plume flow field. As we
shall see, the centerline behavior of the jet may be, for some conditions, ad-
equately modeled by a source flow. We discuss the results for the centerline
guantities and in addition consider the flow-field off-axis. |

In Section 3 we utilize the results of Section 2 to consider the trajectories -
of small, micron sized particles in the jet flow. We arrive at results for

thelr number density, and velocity as a function of particle size. In gené?al, _.'

- the results indicate that viable organasms and micron sized solid particles

| will be ccnfined wnthan a 30 cone about the nezz!e centerline.‘
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The analysis undertaken in this report does not include the back flow

portion of the plume. However, further consideration will be given to the

effects of the back flow portlon of the plume when the lander recontamina-
tion problem is analyzed.



SECTION 2
PLUME FLOY FIELD ANALYSIS

The theoretlcal aspects of the plume problem are quite Intriguing. In the
absence of physical boundarles, we have a flow which undergoes a transition
from collision=-domlnated Isentropic expansion In the vicinity of the nozzle
exit plane, to a collision-free or free molecular flow far downstream from the
nozzle. This sequence of events has been established experimentally in several
laboratories; the measurements show that the Mach number along the centerline
of the jet Increases according to a collision-dominated isentropic expansion

until collisions are too infrequent to support the expansion. The Mach num-
ber Increase {s then observed to level off and the expansion is said to
“freeze's this is In direct contradiction to the continuum, isentropic theory
which predicts a continual rise.

In order to model the complex three-dimensional free jet flow the problem of
cne-dimensional, spherical source flow has been considered by Hamel and willis.l |
As pointed out by Sherman,a the source flow model will prokably be a quite .i
good representation of events along the jet center!ine,bbut will become pro- blif
gressively worse as the source Reynolds number decreases. In this section we: :
discuss the usefulness of the source flow model for centerline predictions k
and summarize calculation of flow guantities along the centerliine. In addition;
we conslder possible corrections to it when scurce flow Is no longer valid, |
also the flow field off-axis is discussed and simple formulas for quantities

off axis are presented.

2.1 SOURCE FLOW MODEL FOR CENTERLINE QUANTITIES

As a problem in gas dynamics, source flow has been examined quite extensively.

Most investigators have either considered flow from a line source or a spher-
Tcal source and, with the exception of Brook and 0man,3 have used the Mavier-
‘Stokes equations as their point of departure. Although Brook and Oman do
‘fproce@d from the Bhatnagar-Gross-Krogk kinetic equation, they neglectvsomeA‘
of tﬁe terms on the left hand side of the equation written in spherica!'co-,f:"

 ordinates. The moment egquations which result from this over simplified form

- of the B.G.K. equation are correct only fothhe_cénsérvation‘of mass. Their ﬂi1 




equation does not conserve momentum or energy and Is grossly lInaccurate in
the derivation of the higher moment equations, Their results, therefore, are
unlikely to be of more than qualitative value,

Without engaging in polsmics about the advisability of using the Navier-Stokes

equations to describe transition flow, we can certainly agree that the Boltz-
mann equation and kinetic theory will contain all the necessary details of o
continuum, transition anﬁffreeumolecular flow (at least for momatomic gases). -
The point of view of Hamel and Willis has therefore been to develop a self-

consistent approximation to the Boltzmann equation which is appropriate to the

hypersonic, rarefied flow in the expanding jet and so avoid the controversies
about the relative merits of Navier-Stokes equations and the various ad hoc
moment approdches. The fundamental idea being that instead of establishing
the approximation on the magnitude of the collision frequency (and Knudsen
number), either near-continuum or near free molecular, we only demand that the
Mach number or Speed ratio of the flow (ratio of the ordered velocity to the -
thermal velocity) be large compared to one. The use of this hypersonic approx-
imation allows a self-consistent truncation of the moment eguations. WYe now
summarize and discuss the principal results obtained for the source flow ex-
pansion and indicate how they may be applied to calculation of the free jet
quantities. " ‘ |

Summary of Variables

o= 4 ’
T=T / Ts
KTy
VeV Jol - :
m 1/2 (1)
aag@ pq», L 1 . )
3. P(S \ k?s 2 by s -
SR o9 om S

where ?rimed quantities are still taken as dimensional and the subscrtpt’S».yiff
refers to staghation values and, sonic values. Following Sherman (for v =5/3) .
we can define « in terms of the variable most commonly used by freenjet experj-;igﬂ;

menterss
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0.413 —l @ 0.413 (KUD) -l
A's X'S

r

o = 0,6068

where D’ Is the diameter of orifice from which the Jet Issues.

Scallng
r = al X
Ty @ bl YO
TL = bl zo
b, = (4.0395) 3/ * 4B) o -4/ (3th6) @

a = (4,0305) 387 (3 +1F) L ¥ (3+1B)

5 .
where -8 = 0 for Haxwell molecules and 1/2 for hard sphere molecules. For a
high temperature rocket exhaust f & 1/2. The temperature of the gas is then

ey don,

Summary_of Results :
We first write for the terminal Hach numbers (for x >>1)

1/2 a2/(3. + 4B)
3/(6 + 8p)

3

[vo ' M]! 2 (%4.0395)

] M,

where Yo f@) is of order one for all force laws. We now list the numerical",‘.

values of Yo (m)k ;»in tebular form for the limiting cases of Haxwell mole- '

cules (B= 0) and psuedo-hard sphere molecules (8= 1/2) and ¢ = 0 and~2.~

o rs i



B c [yo K “)] Numerical

0 1.290

/2 0 0.850

172 2 " 1.080 ()

and S

B8 c My o

0 - 0.421 xn;°'667

172 0 0.868 KnD'O-‘f

1/2 2 0.770 knu-o.l;

Having listed the asymptotic values of H,, and M, we now list some analytical
approximations for T,, and T, which fit the computed profiles for all values
of r, within 5%. These zpproximations represent expansicns for small x and
large x.

For 8 - 1/2; c - b:
X 5 l'
yg x V3= 1+ lolx 3/5 .20 x /5 (5)".
x > 1 |
y, = 0.850 + 0.810 —1- + 0.24% (1/x)2

where T,, = b, v, (x). :

For z (x), the isentropi'c' solution z (x) = x °M3, describes z (x), for ‘

% <1, within 12% so that it can be considered as a good approximation in
this region. | » ‘ :

" For 8 = 112,}: a9, x =13

oo (1) e

gy



and we compute T from: T = b‘ 2 (x).

¥Ye now conslder how one would apply these results to the calculation of free

Jet centerline flow quantities under conditions of large source Reynolds
numbers (i.e. @ >> 1):

(1) the density of the gas may bé considered to be written as:

ne (r -2) n

(i1) the velocity along the centerline will be very neafly constant

after about six nozzle diameters downstream of the exit plane.
It's value will be: '

o ()

(1i1) the temperature of the gas along the centerline will be given by
the formulas in egs. (5) thru (6) where

1/2

and 2) .and b, can be calculated. -

The question which now arises is when does the source flow model breékd@wn
for calculation of centerline quantities. We can make an estimate of this
and set forth a rational prccedura‘for correcting the results of this sec~
ticn in this limit. Ve consider below a sketch of the free jet:

s
-V




As the gas expands In the Jet, the denslty Increases radlally along centerline;
In addlition,gradients of density exlst transverse to the streamlines, and the
density eventually goes to zero as one moves gway from the axis. If we con=
sider the width of the jet (l.e. that distance, y, from the axls for a con=
stant density plateau, 1.e. 90% of Its value on the centerline), d, then a
quantity Kn, = A% may be defined. It Is clear that If & ms1.0; the gas
will no longer be cGllision dominated transverse to the axis. If Kn; takss
on a unity value on the same length scale that rarefaction effects occur for

the centerline expansion then the centerline expansion may no longer be
'mod'eled_ by a simple source flow. We can state this quantitatively by writing:

%
o= (£) o« Faarne) T ™

since @ r tan® , where tan® s .2, the density profile off-axls

r-
is given by the formula,

= cos® 0 cos® , 208 '

n (r,0)

so that to find & we can solve the equation:

TP

2 & 2
.9 ®cos @ cos 2.8

Experimental results of Muntz indicate that when Kn&‘ﬂ .2 at the middle of
the transition regime, signifcant non-source flow effécts' cccur. For hellum,
* Muntz finds that fore 2125 source flow is a good aﬁprbﬁimtion for cante_r-'
line quantities. The non-scurce flow effects manifest themselves as a lowered _
collision frequency on centerline and consequentiy earlier (closer to the
'source) rarefaction effects in the free jet. For & €125 modification of .
" the Hamel and Willis source flow theory should be possible to take account of B
non-=source ﬂow effects on the free-jet centerlm@. ' o

FE-AXIS COMSIDERATIONS

2.2 OFF : R Lo
As mﬂmmﬁ@d earher, the unmdifled ﬁamel and Millis seurc@ flw the@ry

-should be adequate for centerline predictions for a > 125. Off the center-f R

'lm\, the density proflle as correlated by Ashk@nas and Sherman 5 BLE
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n (R, 0 (8)

To find the freeze temperature off-axis we may simply consider that for each
streamlina a new offcctive amay be written as: -

@eff." @ § cos [2.8] o (9)

The ®ogs. written above may then ba substituted for a Into the formulas
written earller for the simple source flow. The main assumptions here are
that the directions of the streamlines are formzd In the Inviscid regime
and are esssntially source liks with the limiting velocity:

1/2.
2kT
Vo =5 (""“’Tﬁ”"&)

Using the formulas for the density and the @55 of eq.(8) it should be -

possible for a lange source Reynolds number to estimate the off-axis proper- R

tles of the flow fleld. = -



SECTION 3
PARTICLE DYNAMICS

In the previous sections we have considered approximate procedures for cal-
culating the structure of the free jet expansion. In this section we con=
sider the distribution of particles which travel from the nozzle exit plane
through the expanding jet flow. '

The exhaust gases that leave the nozzle expand into the vacuum of space and
undergo a considerable turning. If we were to consider the flow from the

nozzle as a source flow:

Figure 2.

that is tb/say,vwithin a few nozzle diamsters of the exhaust plane, the flow
will seem to bevsource-!ike, emanating from a spherical source of redius,
R* @ .75 D. The parallel exhaust plane streamlinas are’therefore turned by



the expanding flow within a r@latl#@!y short distance from the nozzle and
thoy emanate with constant angle rays from an spparant source. Ths particles
{and hare we may distinguish between spore like macromolecules and micron
slzed particles) do not, however, turn with the streamlines, since they are
not in perfect momentum contact with the lighter carrier gas. To analyze the
wotion of each solid particle would invoive a rather large scale computing
program which would solve the equations of motien for each particle of a given
size and subject to certain initial conditions. For engineering purposes
results such as these are difficult end expensive to obtaln and one would
rather have simple correlation formulae which give approximate information
about all classes of particles. '

The spirit of this analysis is then to investigéte the phenomena and the
equations that govern them, and so cbtain aspproximate relatiens for particle
positions and valecity which will not require lzboricus and expensive computer
computation. '

¥e now assumez that the particles at the nozzle exit plane have a uniform
profile of velocity and nunber éénsity’and that this profile is unchanged
for several nozzle diamsters so éhat at the source flow radius we have a
uniform stream of particles which then interact with the carrier gas and are
turned through soms angle. To write this mathematically, we write for the
part!cles an equation of motion:

- dy
| p
1)
P TTa

= 10

E g (10)
vhere £ ¢p represents the turning force exerted on the particle by the carrier
gas flow. To approximate f gp we chose to say that:

- ' 1
Egpemrg, W, - ¥ )f (1)
where ¥ gp is 2 collision Ffrequency for the particle with gas molecules,
My the mass of the particle and Vp, and ¥g the velocity of the particle and

gas respectively.

The form used for F gp is iné@@ﬂ difficult to choose since we require it to

be correct in the limit where we consider spore~like macromolecules and in



addition where we consider micron size particles. To account for this we -
introduce a factor [ which tells us how many molecules may simultaneously
collide with a particle. That is, f Is the ratio of the effective molecular
" radius of the gas molecule to the radius of the particle. So that if f ~ i,
ve consider only one gas molecule and one particle Interactly instantaneously,
while if f >>1, there are many collisions and the particle will be in free
molecular flow. For intermediate f we have a Brownian motion. We in addi-
tion now assume that the effect of the momentum transfer which most concerns
us Is the turning of the particles so that l_\[ PI s V¥ exit.

We can then write for the particle an equation (comparsble to (i1) ) which

describes the angular turning:

.
ha Y

_9'%3 = (%’) vgp _[% - &p eq] (12) ”

where 9p is the angular position of particle (See Figure 73). and Qpeq :
the position it would have if it followed the streamlines of the gas. The
size of the particle will essentially come into the expression for f

streamiine épeq.

__ < particlo path

"

perticles .

: Figure 3 e

Ve now solve eq. (12) with $p _ ¢p éq taken at its largest exit value,
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'3 R
@p o f Wf ) (13)
R*v
where
ép eq. & tan ! .zg*
. and ”99' @ ‘ B viscosity ) (Ri)'z - P 3
Vexit Pexit v % 3
and we let Y = g
T
_P = f{ } ( B yiscosity ) {.nl_ -..,..!,_]
¥ @m | P exit R R ‘
broa) o (ztee) o
 2¢g. 7 - _-.

That Is to say, If we consider a particle at the exit plane it will have a
certain Pp eq. associated with it and so eq. (i) will then prescribe the ,
final angle ‘% that it will achieve. We can compactly work for R ®© 3

. A - @ -
®p final = f é? @.} (‘% eq.) cos® Mq) (15)
29 9 7

whera, £ yi mmw A

p exit V< exit R*
Again, f=_'p ., TeTy
v v Fu m
Typically, & = E@Ej} and P p eq. is related to the p@suﬁ@ﬂ @‘? %:%’ea

é}aa‘ti@%@ in the @xit p&aﬁ@ e:;'? t%"s@ nozzle by mﬁate@n" SR

“’Zﬁ‘f;af )

Pp eq » ktvank

34



where Yp Is the position of the particle. In the above expressions rp is
the particle radlus and rn. the molecularradius. With little approximation
we may say the particle velocity and temperature remaln essentlially equal to

thefr exlt plane values (neglecting radiative cooling).

We finally, for purposes of estimation, will show that for both spores and
micron size particles, the turning angle will be small. For a spore: &1,
¥y & 5x10 -6 and so ®%p final = 5 x 10 -2 ( % peq.). WUhile for a
particle f = 108 , YT = 10-"} and ¢p final = 1072 ¢ P eq.
These estimates show that all particles, including really small spores, will
be confined to within say 15° of the centerline, and for engineering purposes
this will be a reasonable assumption.
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SECTION 5
NOMENCLATURE

See equation (2)
See ééuation (2)
See equation (3)
distance from axis, See Figure 1.

ratio of particle radius to molecular radius:

,force'on'particle

Boltzmann Constant

molecular weight

mass of particle, mass of a molecule of gas -

ol

number density

number density at exit plane

poéition coordinate

radii of particle and molecule -
distance from nozzle - See Figuré 3.
scurce radius - = See Tigure 2.

temperature

parallel and perpendicular temperature
source temperature

velocity

ve!eci%y of gas far from the nozzle -
particle velocity

both refer to exit plane velocity

See equation (2)-
See Figure‘i. S

See eqégtion (2)5'\_ 1;



A5

Ay

See aquation (2)

See equation (1)
Seé equation (2)
Y = mg/mp
See Figure 1.
See Fngre‘l. )
éngular position of pa;tlcle
angular position of streamline
collision frequency, See equation (13)
m@an-frea path
mean free paéh in the source

m2an free path on the jet centerline



